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Konstrukcija aluminijastega sendviča je prepoznana kot obetaven koncept za strukturni design 
lahkih transportnih sistemov kot so letala, hitri vlaki in hitre ladje. Lahki materiali in oblike so 
bili vedno pomembna tema pri oblikovanju in proizvodnji izdelkov številnih industrij. 
Globalni interesi zmanjševanja CO2 in učinkovite rabe virov so v zadnjih letih znatno povečali 
pomen te teme. 
Za načrtovanje in konstrukcijo lahkih transportnih sistemov kot so sateliti, letala, hitri vlaki in 
hitri trajekti, je prihranek mase eden glavnih konstrukcijskih aspektov. V ta namen se namesto 
povečanja debeline materiala pogosto uporablja konstrukcija sendviča. Ta vrsta konstrukcije 
vključuje dva tanka površinska sloja, ločena z jedrnim materialom. 
Potencialni materiali za sendvič strukture so aluminijeve zlitine, visoka trdnostna jekla, titan in 
kompoziti, odvisno od specifične zahteve aplikacije. Za gradnjo sendvič struktur je bilo 
uporabljenih več oblik jedra in jedrnega materiala. Med njimi je najbolj priljubljeno satasta 
šestkotna jedro, ki ga sestavljajo zelo tanke folije v obliki šestkotnih na podlago pravokotnih 
celic. Trdnost sendvič kompozita je rezultat množice lastnosti, kot so površinski sloj (lupine), 
jedro in vmesnik (običajno lepilo). 
x 
 
Kompozitne strukture z jedrom iz tankostenskega satovja predstavljajo sendvič strukturiranih 
elementov z geometrijsko ponavljajočim se jedrom. Strukture satov izdelujemo z uporabo 
različnih materialov, odvisno od namena uporabe in zahtevanih značilnosti. Strukture so lahko 
iz papirja ali termoplastov, ki se uporabljajo za nizko trdnost in togost pri nizkih 
obremenitvah. Za visoko trdnost in togost pri visoki zmogljivosti kompozitnega panela se 
uporablja aluminij ali plastika, ojačana z vlakni (npr. Kevlar). Trdnost laminiranih ali sendvič 
plošč je odvisna od velikosti plošče, lupinskega površinskega materiala in števila ali gostote 
celičnih celic v njej. Kompozitne plošče s satovjem se široko uporabljajo v mnogih panogah, 
od letalskih in vesoljskih dejavnosti, avtomobilske industrije in pohištva do embalaže in 
logistike. Material prevzema ime iz svoje vizualne podobnosti s čebeljim satjem - 
heksagonalno strukturo tankostenskega jedra. 
Cilj predstavljene študije je numerično in eksperimentalno raziskati trdnostne značilnosti treh 
tipologij struktur kompozitnih sendvičev iz aluminijastega satja z različno velikostjo celic. 
Serija preskusov trdnosti se opravi s tri-točkovnim upogibanjem na vzorcu iz sendvič plošč iz 
aluminijastega satja spojenega z enako debelima površinskima slojema, ki sta debelejša od 
jedrnega materiala. V tej študiji so tri vrste satovja aluminijastih sendvič plošč z različnimi 
velikostmi celic modelirane metodo končnih elementov z uporabo programske opreme 
Abaqus. Postavljen je 3-točkovni upogibni postopek. Glavne procesne spremenljivke so 
vključevale največjo silo, ki je bila pridobljena iz povezave sila-pot in maksimalnega kota 
elastičnega izravnavanja. Rezultati so bili primerjani v vzorcih s premerom jedrnih celic satja 
3, 4 in 6 mm. Za potrditev numeričnega modela analiziranega z Abaqusom smo kot glavno 
referenco uporabili članek Crupi-ja (2012), geometrične dimenzije in druge spremenljivke pa 
so bile ustrezno prilagojene. Poleg tega so bili za povečanje natančnosti modeliranja in širitve 
obsega raziskave eksperimentalno izvedeni laboratorijski testi glede na dimenzije 
referenčnega članka, vendar z različnimi materiali satastega kompozita. Eksperimentalne 
rezultate  tri-točkovnega upogibanja smo primerjali z modelom končnih elementov. S 
primerjavo rezultatov, dobljenih iz različnih vzorcev, smo določili optimalni pogoj za vsako 
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The aim of the present study is to investigate the strength characteristics of three typologies of 
aluminium honeycomb sandwich structures with different cell size theoretically and 
experimentally. A series of strength tests are carried out on aluminium honeycomb-cored 
sandwich panel specimen in three-point bending. In this study, three types of honeycomb 
aluminium sandwich panels with different cell sizes were modelled by using Abaqus finite 
element software and placed under a 3-point bending process. The main process variables 
included the maximum force derived from the force-displacement curve and the maximum 
springback angle that were compared in samples with a diameter of the honeycomb core cells 
of 3, 4 and 6 mm. Also, in order to increase the accuracy of modelling and extending the scope 
of the research, the laboratory sample, was placed under the 3-point bending process and the 
results of the test were compared with the finite element model. By comparing the outputs 
obtained from different samples, the optimum condition for each variable was determined and 
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1.   Introduction 
1.1.  Background of the problem 
In this work we try to analyse the bending of composite panel or sandwich panel honeycomb 
with the thickness of 11 mm in laboratory and sandwich panel honeycomb of aluminium alloy 
5xxx series with a thickness of 11 mm according to the V.Crupi essay and co-workers (2012) 
[1]. We are going to find suitable bending concepts in literature and FEM analysis of the 
bending process for such data. 
 
1.2.  Goals 
Light materials and forms have always been an important subject in designing and 
manufacturing products among several industries. The concept has been most important not 
only in aviation but also in industries where large rotating parts (e.g., twister blades of wind 
turbines) are the key elements of product design and in automobile, where driving dynamics 
are a major consideration. Global interests toward CO2 reduction and resource efficiency have 
significantly increased the importance of this topic over the last years. 
Many years ago, cars were almost always made from steel, and as consumers we were used 
that for various reasons. Gasoline was incredibly inexpensive, so we didn’t care about our cars' 
weigh. Steel quarter panels and chrome bumpers stood for safety, and since no one wore seat 
belts back then, the attitude was “safety first, the more steel the better.” According to this, car 
companies were just working with what they had, and that primarily consisted of using 
inexpensive, heavy metal, and lots of it.  
By the pass of years, things began to change and new technological developments brought us 





too expensive for commuter cars. Nowadays, cars are made out of everything from fiber-
reinforced plastics and military-grade aluminium, to titanium and carbon, with new materials 
popping up on the scene all the time. 
For design and construction of lightweight transportation systems like satellites, aircrafts, 
high-speed trains and fast ferries, structural weight saving is one of the major considerations. 
For this purpose, sandwich construction is frequently used instead of increasing material 
thickness. This type of construction includes two facing thin layers separated by a core 
material. Potential materials for sandwich facings are aluminium alloys, high tensile steels, 
titanium and composites depending on the specific mission requirement. Several types of core 
shapes and core material have been applied to the construction of sandwich structures. Among 
them, the honeycomb core is the most popular that consists of very thin foils in the form of 
hexagonal cells perpendicular to the facings.  
A sandwich construction provides excellent structural efficiency, i.e., with high ratio of 
strength to weight. Other advantages offered by sandwich construction are elimination of 
welding, superior insulating qualities and design versatility. Although the concept of sandwich 
construction is not very up to date, it has primarily been adopted for non-strength part of 
structures in the last decade. This is because of a variety of problem areas to be overcome 
when the sandwich construction is applied to design of dynamically loaded structures. To 
enhance the attractiveness of sandwich construction, it is essential to have a better 
understanding about the local strength characteristics of individual sandwich panel/beam 
members. 
The strength of the sandwich is a result of a set of properties like skin, core and interface. Any 
damages are accumulated in one, or more, of these base materials that would have an overall 
effect on the properties of the sandwich. It is imperative to understand how potential damage 
occurring in the service will affect structural performance. A correct use of these materials in 
different applications requires a better knowledge of their mechanical behavior. Thus even if 
the concept of the sandwich construction is not very new, there is a need for new research 
activities in order to provide the designers of sandwich structures with new reliable data. 
Finite element modelling is a popular and cost-effective approach involved in the study of 
sandwich structures.  
The aim of the present study is to investigate the strength characteristics of honeycomb-cored 
sandwich panels made by aluminium alloy material among others and to investigate the 
strength characteristics of three typologies of aluminium honeycomb sandwich structures with 
different cell size theoretically and experimentally. A series of strength tests are carried out on 
aluminium honeycomb-cored sandwich panel specimen in three-point bending. In this study, 
three types of honeycomb aluminium sandwich panels with different cell sizes were modelled 
by using Abaqus finite element software and placed under a 3-point bending process. The 
main process variables included the maximum force derived from the force-displacement 
curve and the maximum springback angle that were compared in samples with a diameter of 
the honeycomb core cells of 3, 4 and 6 mm. In order to validate the initial software model, the 
paper V.Crupi essay and coworkers (2012) was used as the main reference and the geometric 





accuracy of modelling and extending the scope of the research, the laboratory sample, 
according to the dimensions of the reference paper and with different materials, was placed 
under the 3-point bending process and the results of the test were compared with the finite 
element model. By comparing the outputs obtained from different samples, the optimum 
condition for each variable was determined and the effect of cell size on the ultimate strength 
of the sandwich panel was evaluated.  
Noteworthy theoretical and experimental studies on linear elastic and nonlinear behavior of 
































2.   Theoretical basis and literature review 
2.1.  Materials  
 Aluminium and Aluminium Alloys 2.1.1.
Aluminium is a chemical element that its' mark in periodical table is Al with atomic number of 
13. Aluminium is a silver and flexible element that is extracted as bauxite ore and is so 
significant because of resistance against oxidation. Its' weight and power is also significant. 
Aluminium is used for millions application in industry and in commercial is of importance. It 
is so important in making instruments in which weight, stability and resistance are necessary.  
Aluminium is a soft and lightweight but strong metal with silver – leaden appearance and a 
thin layer of oxidation on its' surface that is formed through encounter with the air. Its' weight 
is almost one-third of steel and copper; it's ductile, flexible and blend easily. It's also very 
durable and resist against corrosion rust. Furthermore, this non-magnetic element is the second 
ductile and the sixth flexible metal. Aluminium is the most practical metal after iron because 
of quality and value and is almost of important in all parts of industry. Aluminium is pure, soft 
and weak but it can make alloys with low quantities of copper, magnesium, manganese, 
silicon and other elements that have various and useful characteristics. These alloys make 
important parts of airplane and rockets.  
Some of these applications are mentioned below: 
● Packaging including cans, foil and etc...  
● Building including doors, windows, wall plugs and etc…  
● Durable consumer product including household appliances, kitchenware and etc… 
● Electric transmission lines 
● Machinery. 





Corrosion resistance: many of aluminium alloys have high resistance against atmosphere and 
chemical corrosion because of forming a natural layer of oxide on its' surface. This 
characteristic is more prominent in 1xxx, 3xxx, and 5xxx and 6xxx series.  
Thermal conductivity: aluminium and its' alloys have high thermal conductivity; however it 
melts at lower temperature compared to steel, its' temperature rise slower in the event of fire.  
Electrical conductivity: aluminium and some of it's alloys have extremely high electrical 
conductivity and after copper is in the second category among commercial conductive metals.   
Strength/weigh ratio: aluminium is appropriate for making engineering alloys because of low 
density. However the consistency of aluminium-based alloys is lower than gainable 
consistency of steel, strength to weight ratio in these alloys are high and because of this reason 
there are many different commercial aluminium alloys. Stability of most of alloys can be 
increased by hardening precipitate. 
Ease of connection: we can connect aluminium and its' alloys to each other by different types 
of usual commercial methods like welding, twist and even nailing.  
Recycle ability: aluminium and its' alloys recycling are very simple among structural 
materials and we can use it as high quality products directly after recycling.  
By the growth of aluminium within the fabrication industry, and its acceptance as an excellent 
alternative to steel for many applications, there are increasing requirements for those involved 
with developing aluminium projects to become more familiar with this group of materials. For 
more understanding aluminium, it is advisable to start by becoming acquainted with the 
aluminium identification / designation system, the many aluminium alloys available and their 
characteristics. 
 
 The Aluminium Alloy characteristics and Designation 2.1.2.
System 
The Aluminium Association Inc. is responsible for the allotment and enlistment of aluminium 
alloys in North America. Commonly there are over 400 created aluminium and created 
aluminium alloys and over 200 aluminium alloys in the form of castings and ingots registered 
with the Aluminium Association. The alloy chemical composition limits for all of these 
registered alloys are contained in the Aluminium Association’s Teal Book entitled 
“International Alloy Designations and Chemical Composition Limits for Wrought Aluminium 
and Wrought Aluminium Alloys” and in their Pink Book entitled “Designations and Chemical 
Composition Limits for Aluminium Alloys in the Form of Castings and Ingot. These 
publications can be extremely useful to the engineer when developing procedures, and when 
the consideration of chemistry and its association with crack sensitivity is of importance.  




Aluminium alloys can be categorized into a number of groups based on the particular 
material’s characteristics such as its ability to respond to thermal and mechanical treatment 
and the primary alloying element added to the aluminium alloy. When we consider the 
numbering / identification system used for aluminium alloys, the above characteristics are 
identified. The wrought and cast aluminium’s have different systems of identification. The 
wrought system is a 4-digit system and the castings having a 3-digit and 1-decimal place 
system. 
 
2.1.2.1. Wrought Alloy Designation System 
Characteristics and Nomination of aluminium alloys are different in every country and this 
makes hard for choosing proper aluminium alloys for engineering applications. Moreover in 
some countries, alloys are nominated according to the sequence of production date. In 1970 
international nomination system was introduced for aluminium products worked according to 
the American Aluminium Society. The nomination of aluminium alloys worked is shown in 
Table 2.1.   
At first we consider the 4-digit wrought aluminium alloy identification system. The first digit 
(Xxxx) indicates the principal alloying element, which has been added to the aluminium alloy 
and is often used to describe the aluminium alloy series, i.e., 1000 series, 2000 series, 3000 
series, up to 8000 series (see Table 2.1). 
The second single digit (xXxx), if different from 0, indicates an adjustment of the specific 
alloy, and the third and fourth digits (xxXX) are arbitrary numbers given to identify a specific 
alloy in the series. Example: In alloy 5183, the number 5 indicates that it is of the magnesium 
alloy series, the 1 indicates that it is the first adjustment to the original alloy 5083, and the 83 
identifies it in the 5xxx series. 
The only exception to this alloy numbering system is with the 1xxx series aluminium alloys 
(pure aluminium’s) in which case, the last 2 digits provide the minimum aluminium 
percentage above 99%, i.e., (99.50% minimum aluminium). 
 
Alloy Series Principal Alloying Element 





6xxx Magnesium and Silicon 
7xxx Zinc 
8xxx Other Elements 
Table 2.1: Wrought aluminium alloy designation system. 
 




2.1.2.2. The Aluminium Temper Designation System 
If we investigate the different types of aluminium alloys, we will see that there are significant 
differences in their characteristics and consequent application. The first point to recognize is 
that there are two distinctly different types of aluminium within the types mentioned above. 
These are the Heat Treatable Aluminium alloys (those which can gain strength through the 
addition of heat) and the Non-Heat Treatable Aluminium alloys. 
The 1xxx, 3xxx, and 5xxx series wrought aluminium alloys are non-heat. The 2xxx, 6xxx, and 
7xxx series wrought aluminium alloys are heat treatable and the 4xxx series consist of both 
heat treatable and non-heat treatable alloys. The 2xx.x, 3xx.x, 4xx.x and 7xx.x series cast 
alloys are heat treatable. nature hardening is not generally applied to castings. 
The heat treatable alloys acquire their optimum mechanical properties through a process of 
treatment, the most common thermal treatments being Solution Heat Treatment and Artificial 
Aging. Solution Heat Treatment is the process of heating the alloy to an enhanced temperature 
(around 530  in order to put the alloying elements or compounds into solution. This is 
followed by chilling with water, to produce a supersaturated solution at room temperature. 
Solution heat treatment is usually followed by aging. Aging is the precipitation of a portion of 
the elements or compounds from a supersaturated solution in order to yield desirable 
properties. The non-heat treatable alloys store their optimum mechanical properties through 
Strain Hardening. Strain hardening is the method of increasing strength through the 
application of cold working. 
For specifying one alloy besides numbering, type of heat treatment process or alloy 
manufacturing process also is the base for numbering alloys. Signs of naming of the rigidity 
and types of heat treatment that are generally used for most industries are based on American 
Assortment system (A.A) [2].  Table 2.2 shows the basic temper designations. 
Letter Meaning 
F As fabricated – Applies to products of a forming 
process in which no special control over thermal or 
strain hardening condition is employed. 
O Annealed – Applies to product which has been heated 
to produce the lowest strength condition to improve 
ductility and dimensional stability. 
H Strain Hardened – Applies to products that are 
strengthened through cold-working. The strain 
hardening may be followed by supplementary thermal 
treatment, which produces some reduction in strength. 
The “H” is always followed by two or more digits. 
W Solution Heat-Treated – An unstable temper 
applicable only to alloys which age spontaneously at 
room temperature after solution heat-treatment. 
T Thermally Treated - To produce stable tempers other 
than F, O, or H.  Applies to product that has been heat-
treated, sometimes with supplementary strain-
hardening, to produce a stable temper. The “T” is 
always followed by one or more digits. 
Table 2.2: The basic temper designations [2]. 




This system includes both non-heatable alloy (hardening strain) and heatable alloys and is 
called as defined system temper and is applicable for all production methods. Depending on 
the production process, one letter ''F'' for non-change and mode of production, ''O'' for Anneal, 
''H'' for strain hardening, and ''W'' for solution heat-treatment and ''T'' for other thermal 
treatment including hardening sedimentation are used for naming alloys.   
 5xxx series aluminium alloys 2.1.3.
Because of a demand for the decreases of greenhouse gases by the car’s exhaust products, the 
development of fuel-efficient cars has taken a tremendous amount of attention and investment. 
Employing light materials in production of the automotive components has been considered 
the key solution to the efficient energy use and CO2 emission issues in the car industry. 
However, the major challenge in utilizing aluminium alloys in the body panel and the outer 
body is related to lower formability of these alloys [3]. Among different commercial 
aluminium alloys, Al–Mg alloys (5xxx series) have an excellent combination of reasonable 
mechanical characteristics, good corrosion resistance and weldability; thus these alloys are the 
most promising candidates in the automotive industry. However, undesirable surface finish 
and localized thinning during sheet metal forming have caused challenges in employing these 
alloys in the automotive industry [4]. These materials are generally used as structural materials 
in marine, automotive and aircraft industries as well as food handling and chemical industries. 
As global warming plays a larger part in material selection, further development on Al-Mg 
usage has been conducted to decrease fuel consumption and emissions, as well as increase 
recycling potential of final automotive components [5]. 
Figure 2.1 shows a combination of some applications of aluminium alloys in a typical sedan, 
without consideration of body design, i.e. unibody or body-on-frame. Of some seven million 
tons of aluminium used worldwide in automotive manufacture, the majority (~80%) is in the 
form of castings used for powertrain components, although most automotive vehicles also 
contain radiator and condenser components of ten made of AA1200 and AA3005 aluminium 
alloys [6]. The range of aluminium alloys shown in Figure below is exemplary but not 
universal. In fact, the world of aluminium alloys in automotive applications is wide. These 
alloys are accommodated in many cases by adding minor alloys but within chemical 
specifications required by the respective standards, and their processing parameters (casting, 
rolling, ejection, forging, heat treatment, welding, surface finishing, etc.) are controlled to 
attain optimum properties in the finished component tailored to automotive performance 
requirements.  





Figure 2.1: Some typical automotive aluminium alloy application and product forms [6]. 
 
Thus, wrought aluminium alloys are available as sheet or plate, ejections, forgings, and even 
semisolid shapes; aluminium casting alloys can be cast by a wide variety of casting processes 
into complex near net or net shapes or formed by semisolid processing. 
Thus, we can replace heavier materials with aluminium alloys in the automobiles for reducing 
the automobile weight. Demands for fuel consumption, environmental laws, and global 
warming issues have considerable influence on the choice of the materials [7, 8, and 9]; 5xxx 
series alloys are mostly used for inner panel applications because of the stretcher lines 
problem on the product surfaces. These surface defects are limiting the usage of the Al-Mg 
alloys in the outer panel applications. Forming of these alloys at warm temperatures is quite 
attractive, since undesirable stretcher lines, which often appear on the surface of the sheets 
during the cold forming operations, will disappear at high temperatures. In the literature, there 
are several investigations which have documented that the poor room temperature ductility can 
be improved by changing the forming temperature and the strain rate [10, 11]. 
Figure 2.2 shows the connections between some of the more commonly used alloys in the 
5xxx series. 





Figure 2.2: Relationships among commonly used alloys in the 5xxx series (Al-Mg). Tensile strength 
(TS) and yield strength (YS) are in ksi units [12]. 
 
This series alloys utilization of substitutional magnesium atoms in the aluminium matrix, 
results in solid solution hardening concurrent with dislocation forest hardening as the most 
dominant strengthening mechanisms [13]. Dynamic strain aging (DSA) due to the interaction 
of the mobile dislocations and Mg-solute atoms leads to complicated stress–strain behaviors in 
Al–Mg alloys (AA5xxx) [14, 15].  
5XXX series alloys, with magnesium as the major alloying element, combine a wide range of 
strength, good forming and welding characteristics, and high resistance to general corrosion. 
 
Strength: 
Generally increases with increasing magnesium content, and can be further enhanced by cold 
work. 
Forming: 
5XXX alloys are easily cold formed. Formability being described by minimum cold bend 
radii. Formability tends to increase as alloy strength decreases. 
 
 





5XXX alloys are easily welded using GMA-W (Gas metal arc welding) or GTA-W (Gas 
tungsten arc welding) processes. Weld strength equals the minimum annealed strength (O 
temper) of the welded 5XXX alloy. Welds also show good ductility, facilitating cold forming. 
Applications: 
- Cryogenic applications: production, storage and transportation of liquid petroleum and 
industrial gases 
- Pressure vessels 
- Hulls and superstructures of ships such as fast ferries, naval craft and workboats 
- Road transport: commercial vehicles and trailers 
- General Engineering: mechanical components, jigs, fixtures, flat beds, base plates and 
general tooling. 
The most widely used 5XXX alloys are 5083, 5086 and 5754. 
 
We want to provide some explanations about the 2 aluminum alloys (5754 and 5052) used in 
FEM simulation according to the reference paper: 
2.1.3.1. 5754 Aluminium Alloy 
5754 aluminium alloy is an alloy in the wrought aluminium-magnesium family (5000 or 5xxx 
series). It is closely related to the alloys 5154 and 5454 (Aluminium Association designations 
that only differ in the second digit are variations on the same alloy). Of the three 5x54 alloys, 
5754 is the least alloyed (highest composition % of aluminium), but only by a small amount. 
As a wrought alloy, it can be formed by rolling, extrusion, and forging, but not casting. It can 
be cold worked to produce tempers with a higher strength but a lower ductility. 
Aluminium 5754 has excellent corrosion resistance especially to seawater and industrially 
polluted atmospheres. This high strength makes 5754 highly suited to flooring applications. 
5754 is typically used in: 
Tread plate, shipbuilding, vehicle bodies, rivets, fishing industry equipment, food processing, 









Table 2.3 shows chemical composition of aluminium alloy 5754: 
Alloy 5754 - BS EN 573-3:2009 
Element % Present 
Magnesium (Mg) 2.60 - 3.60 
Manganese + Chromium 
(Mn+Cr) 
0.10 - 0.60 
Manganese (Mn) 0.0 - 0.50 
Silicon (Si) 0.0 - 0.40 
Iron (Fe) 0.0 - 0.40 
Chromium (Cr) 0.0 - 0.30 
Zinc (Zn) 0.0 - 0.20 
Titanium (Ti) 0.0 - 0.15 
Others (Total) 0.0 - 0.15 
Copper (Cu) 0.0 - 0.10 
Other (Each) 0.0 - 0.05 
Aluminium (Al) Balance 
Table 2.3: Chemical composition of aluminium alloy 5754 [16]. 
 
ALLOY DESIGNATIONS 
Alloy 5754 also corresponds to the following standard designations and specifications but may 
not be a direct equivalent: 
A95754 - Al Mg3 - Al 3.1Mg Mn Cr - AW-5754 
Temper Types 
The most common tempers for 5754 aluminium are shown below with H114 & H111 being 
the most common tread plate temper. 
 O - Soft 
 H111 - Some work hardening imparted by shaping processes but less than required for 
H11 temper 
 H22 - Work hardened by rolling then annealed to quarter hard 
 H24 - Work hardened by rolling then annealed to half hard 








GENERIC PHYSICAL PROPERTIES 
Table 2.4 shows chemical composition of aluminium alloy 5754: 
Property Value 
Density 2.66 g/cm³ 
Melting Point 600 °C 
Thermal Expansion 24 x10-6 /K 
Modulus of Elasticity 68 GPa 
Thermal Conductivity 147 W/m.K 
Electrical Resistivity 0.049 x10-6 Ω .m 
Table 2.4: Generic physical properties of aluminium alloy 5754 [16]. 
 
MECHANICAL PROPERTIES 
Please note that Mechanical Properties shown are for H22. 
Table 2.5 shows Mechanical properties of aluminium alloy 5754 [16]: 
BS EN 485-2:2008 - Sheet & Plate 0.2mm to 40mm 
Property Value 
Proof Stress 130 Min MPa 
Tensile Strength 220 - 270 MPa 
Elongation A50 mm 7 Min % 
Hardness Brinell 63 HB 
Table 2.5: Mechanical properties of aluminium alloy 5754 [16]. 
 
2.1.3.2. 5052 Aluminium Alloy 
Aluminium 5052 alloy is a non-heat treatable alloy with good corrosion resistance, especially 
to salt water. Aluminium alloy 5052 in H32 temper has very good corrosion resistance to 
seawater and marine and industrial atmosphere. It also has very good weldability and good 
cold formability. It is a medium to high strength alloy with a strength slightly higher than 5251 
and a medium to high fatigue strength. 
Alloy 5052-H32 has a range of useful properties: 
Decorative finish, hard wearing, non-slip, corrosion resistant, low maintenance, anti-static, 
light-weight 




Amongst the applications for Alloy 5052 are: 
Tread plate, boiler making, containers, nameplates, road Signs, architectural panelling, welded 
tubes, chemical industry, irrigation, desalination units, pressure vessels, rivets. 
CHEMICAL COMPOSITION 
Table 2.6 shows chemical composition of aluminium alloy 5052: 
BS EN 573-3:2009 - Alloy 5052 
Element % Present 
Magnesium (Mg) 2.20 - 2.80 
Chromium (Cr) 0.15 - 0.35 
Iron (Fe) 0.0 - 0.40 
Silicon (Si) 0.0 - 0.25 
Others (Total) 0.0 - 0.15 
Copper (Cu) 0.0 - 0.10 
Zinc (Zn) 0.0 - 0.10 
Manganese (Mn) 0.0 - 0.10 
Other (Each) 0.0 - 0.05 
Aluminium (Al) Balance 




Alloy 5052 corresponds to the following standard designations and specifications but may not 
be a direct equivalent: 
Al Mg 2.5 - Al 2.5Mg Cr 
 
TEMPER TYPES 
One of the most common tempers for 5052 aluminium is:  










GENERIC PHYSICAL PROPERTIES 
Table 2.7 shows chemical composition of aluminium alloy 5052: 
Property Value 
Density 2.68 g/cm³ 
Melting Point 605 °C 
Thermal Expansion 23.7 x10-6 /K 
Modulus of Elasticity 70 GPa 
Thermal Conductivity 138 W/m.K 
Electrical Resistivity 0.0495 x10-6 Ω .m 
Table 2.7: Chemical composition of aluminium alloy 5052 [16]. 
MECHANICAL PROPERTIES 
Please note that Mechanical Properties shown are for H32. 
Table 2.8 shows Mechanical properties of aluminium alloy 5052: 
BS EN 485-2:2008 - Sheet and Tread plate 0.2mm to 6.00mm 
Property Value 
Proof Stress 130 Min MPa 
Tensile Strength 210 - 260 MPa 
Hardness Brinell 61 HB 
Table 2.8: Mechanical properties of aluminium alloy 5052 [16]. 
 
2.2.  Honeycomb sandwich panel structures 
Honeycomb structures include sandwich-structured composites with honeycomb cores. 
Honeycomb structures are manufactured by using a variety of different materials, depending 
on the intended application and required characteristics, from paper or thermoplastics, used for 
low strength and stiffness for low load applications, to high strength and stiffness for high 
performance applications, from aluminium or fiber reinforced plastics. The strength of 
laminated or sandwich panels depends on the size of the panel, facing material used and the 
number or density of the honeycomb cells within it. Honeycomb composites are used widely 
in many industries, from aerospace industries, automotive and furniture to packaging and 
logistics. The material takes its name from its visual resemblance to a bee's honeycomb – a 
hexagonal sheet structure. 
Aluminium sandwich construction has been recognized as a promising concept for structural 
design of lightweight transportation systems such as aircraft, high-speed trains and fast ships. 
The aim of the present study is to investigate the strength characteristics of aluminium 
sandwich panels with aluminium honeycomb core theoretically and experimentally. 
Honeycomb aluminium grids have very light weight with high resistance and by this 
characteristic they are used in special industries like ship-building for partitioning and 




implementation of the interior decoration of the ships and boats and speedster afloat, 
aerospace industries, trains decoration, rally racing cars and even façade and different types of 
interior decoration. 
 
Figure 2.3: Graphic description of the sandwich panel with hexagonal honeycomb core [1]. 
In the following we consider some of the advantages of using these panels in performing ships 
decoration: 
Positive characteristics of using these honeycomb aluminium panels in ship-building 
industries (boat-building): 
1. Being light: weight is a very important factor in building of the ships and boats, especially 
in speedster ships. By using these honeycomb aluminium panels in body and interior 
decoration of ships, weight of ship will be pretty much reduced, speed sailing increases and 
fuel consumption reduces. The lightness of these panels increases the strength to weight ratio 
and this increase have made greater the use of these panels in structure and partition of ships 
and boats.  
2. Being fireproof: using honeycomb aluminium panels can prevent fire from spreading and 
reduce smudge.  
3. Being durable and increase the longevity of the ship: honeycomb aluminium panels have 
high resistance against factors like exhaustion, corrosion of the environment, stroke and the 
air. 
4. Nice and beautiful decoration: the surface of panels can be decorated by different final 
surfaces like mirrored or wooden surfaces and other decoration materials.  
5. Anti-humidity and anti-yeast and bacteria: this ability is a standard that can increases ship 
and boat safety.            
For design and construction of lightweight transportation systems such as satellites, aircraft, 
high-speed trains and fast ferries, structural weight saving is one of the major considerations. 
Honeycomb sandwich structure possesses high flexural rigidity and bending strength with low 
weight. Flexural rigidity and bending strength are very important mechanical properties of 




honeycomb sandwich panels. Sandwich construction plays an increasing role in industry, and 
sandwich structural designing is an available method for sandwich structures. Honeycomb 
sandwich materials are being used widely in weight sensitive and damping structures where 
high flexural rigidity is required, in many fields especially in the automobile industry [17]. 
The underlying assumptions of the theory presented in the deducing procedure are as follows 
[18]: 
(1) The faceplates are very thin compared with the total thickness of the sandwich. 
(2) The shear stress over the depth of the core is considered constant. This assumption may be 
made if the core is too weak to provide a significant contribution to the flexural rigidity of the 
sandwich. 
(3) The honeycomb construction is anisotropy. 
(4) The rotary inertia of the face plates about their own centroidal axes is negligible. 
(5) The sandwich has equal thickness face plates (symmetric sandwich) and both face plates 
are of the same material with identical properties. 
 
 
Figure 2.4: A composite sandwich panel (A) with honeycomb core (C) and face sheets (B) [1].  
 
Honeycomb core sandwich panel is formed by adhering two high-rigidity thin-face sheets with 
a low-density honeycomb core possessing less strength and stiffness. By varying the core and 
the thickness and material of the face sheet, it is possible to obtain various properties and 
desired performance, particularly high strength-to-weight ratio [18]. Potential materials for 




sandwich facings are aluminium alloys, high tensile steels, titanium and composites depending 
on the specific mission requirement. When the core depth is much larger than the thickness of 
the face panels (most honeycomb sandwich panels belong to this category), the transverse 
shear stiffness of the sandwich plate is almost entirely contributed by its core. For simplicity 
and efficiency, the cellular honeycomb core is idealized as a homogeneous material and its 
equivalent mechanical properties are used in analysis and design. Therefore, the knowledge of 
the equivalent transverse shear stiffness of honeycomb is very important for the analysis and 
design of sandwich plates [19].  
A sandwich construction provides excellent structural efficiency, i.e., with high ratio of 
strength to weight. Other advantages offered by sandwich construction are elimination of 
welding, superior insulating qualities and design versatility.  
 
2.3.  Previous work of composite sandwich   
Gibson and Ashby [20] summarized the studies results of the static strength of the honeycomb 
cells, including analytical and experimental mechanical properties of honeycombs in 1988. 
The in-plane and out-of plane mechanical properties of various honeycomb cells were derived 
and the failure modes of the honeycomb structures were introduced. Their material models 
were investigated by Triplett and Schonberg [21]. They conducted a numerical analysis 
concerning circular honeycomb sandwich plates subjected to low-velocity impact, and found 
that comparison to experimental results was inaccurate when honeycomb crushing was 
ignored for the finite element model. 
 
Using finite element (FE) simulations, Vaziri et al. [22] found rather limited effect of inserting 
polymeric foams (Divinycell) into the interstices of metallic sandwich panels with corrugated 
cores, which was attributed to the insufficient lateral support provided by the filling foam to 
the core members against buckling.  The role of low-density structural polymeric foams filling 
the interstices of the cores of metal sandwich plates is studied to determine the strengthening 
of the cores and the enhancement of plate performance under crushing and impulsive loads. 
Square honeycomb and folded plate steel cores filled with two densities of structural foams are 
studied. The foam makes direct contributions for core strength and stiffness, but its' main 
contribution is in supplying lateral support to core members and thereby enhancing the 
buckling strength of these members. The result of the comparative study suggests that plates 
with foam-filled cores can perform as well, or nearly as well, as plates of the same weight with 
unfilled cores. The decision on the use of foams in the cores is therefore likely to rest on 
multifunctional advantages such as acoustic and thermal insulation or environmental isolation 
of core interstices. 
 
Subsequently, also using sandwich panels having corrugated cores as the prototype, Yan et al. 
[23] replaced the filling polymeric foam with close-celled aluminium foams and demonstrated 
that the compressive strength and energy absorption capacity of the corrugated sandwich panel 
were much greater than the sum of those of an empty sandwich panel and the aluminium foam 




alone experimentally and numerically. All-metallic corrugate core sandwich panels as primary 
loading structures may rapidly soften under compressive loading due mainly to core member 
buckling once the peak compressive stress is reached, resulting in reduced load-carrying 
capability. Inserting close-celled aluminium foam into the corrugate core has been envisioned 
as a feasible way to enhance the load capacity.  The foam filled corrugated panel was found to 
have strength and energy absorption much greater than the sum of those of an empty 
corrugated sandwich panel and the aluminium foam alone. It was demonstrated that the core 
members in the foam filled panel were considerably stabilized by the filling foam against 
lateral deflection. In particular, the elastoplastic buckling wavelength of the core members was 
significantly reduced and the transition from axial deformation to bending of the core member 
was much delayed, both of which contributing to the enhanced strength and energy adsorption 
capability of the foam filled panel. It was found that the inserting foam filling into the core of 
an empty corrugated sandwich could increase the compressive strength and energy absorption 
capacity of the hybrid sandwich by as much as 211% and 300%, respectively, and the specific 
energy absorption by 157%. The mechanisms underlying the enhancement were explored both 
experimentally and numerically. With having high specific strength and energy absorption, 
all-metallic sandwich panels filled by aluminium foams, hold great potential for a wide range 
of crushing and impulsive loading applications as novel lightweight structural materials. 
 
Masters and Evans developed a theoretical model for predicting the in-plane elastic stiffness 
of honeycomb cores based on the deformation of honeycomb cells [24]. This model has been 
used to conclude some expressions for the tensile moduli, shear moduli and Poisson’s ratios. 
Examples are given of structures with a negative Poisson’s ratio. It is shown how the 
characteristics can be tailored by varying the relative magnitudes of the force constants for the 
different deformation mechanisms. Off-axis elastic constants are also measured and it is 
shown that how the moduli and Poisson’s ratios vary with applied loading direction. The 
properties may be isotropic (for regular hexagons) or extremely anisotropic depending on the 
geometry of the honeycomb.  
 
Becker has investigated the effective in-plane stiffness of honeycomb cores and the thickness 
effect of using the closed-form description [25]. The effect of a honeycomb core is not only to 
maintain the distance between the face skins, but also it contributes to the overall inplane 
stiffnesses within a sandwich structure in many cases. Due to the coupling of the core 
displacements with those of the face sheets, the stiffness contribution is not simply 
proportional to its total thickness but a nonlinear function of the core thickness which is so 
called ``core thickness effect''. In the Becker work a closed-form description is given for the 
effective inplane core stiffnesses including the thickness effect.  
 
An experimental study was undertaken by Yeh and Wu [26] to investigate the buckling 
strength characteristics of aluminium honeycomb sandwich panels in axial compression. This 
experimental study is concerned with enhancing the buckling characteristics of sandwich 
structure when the 6061-T6 aluminium skins are replaced by carbon fiber reinforced 
composite for the same aluminium honeycomb and polyurethane core. Such a development 
can be attributed to the high strength to weight ratio of the composite skin while the softer 
core material acts on a relative base as a better energy absorbent and hence tends to stabilize 
the failure. These outcomes are much higher post-buckling loads which corresponds to the 




remaining strength of the structure after the onset of buckling. Sandwich structures with core 
made of polyurethane foam with different densities were also tested in compression. The 
buckling load increased with the density of polyurethane up to 280       while deattachment 
of the core and skin occurred when the density is decreased below 100      . Compatibility 
of the skin and core material is shown to play an important role in the buckling behavior of 
sandwich structure. The results of this experimental work show that a sandwich structure 
possesses superior buckling and post-buckling behavior when compared with that for a single 
material. In general, by decreasing density, buckling strength tends to decreases. Sandwich 
structure made from composite skins with a soft core has been shown to be suitable for 
resisting buckling loads, particularly when high strength to weight ratio is a requirement.  
 
Besides out-of-plane uniform compression, sandwich panels were commonly subjected to 
other types of load in engineering applications such as three-point bending. The bending 
responses of sandwich structures with a variety of lightweight cellular cores had been 
extensively studied, including lattice truss cores (honeycombs [1, 27, 30], corrugated plates 
[28, 29], Y-frames [29], pyramidal trusses [31]), metallic [32, 33] and polymeric foam cores 
[34].  
 
Jin Zhang et al. [28] studied improving of bending strength and energy absorption of sandwich 
composite structure. The bending strength, stiffness and energy absorption of corrugated 
sandwich composite structures were investigated to explore novel designs of lightweight load-
bearing structures that are capable of energy absorption in transportation vehicles. Key design 
parameters that were considered include fiber type, corrugation angle, core-sheet thickness, 
bond length between core and face sheets, and foam inserts. Increasing the corrugation angle 
and the core sheet thickness improved the specific bending strength of the sandwich structure, 
while increasing the bond length led to a reduction in the specific bending strength.  
 
T. Liu et al. [30] studied the Quasi-Static Three-Point Bending of Carbon Fiber Sandwich 
Beams with Square Honeycomb Cores.  Sandwich beams including identical face sheets and a 
square honeycomb core were produced from carbon fiber composite sheets. Analytical 
expressions were derived for four competing collapse mechanisms of simply supported and 
clamped sandwich beams in three-point bending: core shear, face micro-buckling, face 
wrinkling, and indentation. For illustrating these collapse modes, selected geometries of 
sandwich beams were tested with good agreement between analytic predictions and 
measurements of the failure load. Finite element (FE) simulations of the three-point bending 
responses of these beams were also conducted by constructing a FE model by laying up 
unidirectional plies in appropriate orientations. The initiation and growth of damage in the 
laminates were included in the FE calculations. With this embellishment, the FE model was 
able to predict the measured load versus displacement response and the failure sequence in 
each of the composite beams. However, it is concluded that the relatively simple fiber 
composite constitutive framework is adequate for the modelling of the composite sandwich 
structures insomuch as predicting the onset of damage, the failure mechanisms, and the peak 
loadings considered herein.  
 
The effect of dynamic loading was also examined [1, 35, 36, and 37]. Nonetheless, the 
bending performance (including stiffness, failure load and failure mechanisms) of all-metallic 




sandwich panels with aluminium foam-filled cores was yet to be investigated. In fact, 
sandwich panels with either periodic lattice or stochastic foam cores were known to have 
relatively low resistance to shear/bending. How this might be mended by combing metallic 
lattices with aluminium foams to make use of their respective attributes as the core for 
sandwich constructions was the main focus of the present study. 
 
In 2012, V. Crupi, G. Epasto and E. Guglielmino [1] investigated the “Collapse modes in 
aluminium honeycomb sandwich panels under bending and impact loading’’. For building 
lightweight components having good mechanical properties and energy absorbing capacity, 
especially in the transport industry, Sandwich structures have been widely employed. The aim 
of this paper was the analysis of static and low-velocity impact response of two typologies of 
aluminium honeycomb sandwich structures with different cell sizes. The static bending tests 
produced various collapse modes for panels with the same nominal size, depending on the 
support span distance and on the honeycomb cell size. By using the 3D Computed 
Tomography, the failure mode and damage of the honeycomb panels have been investigated. 
Figures 2.5 and 2.6 show collapse mode in aluminium honeycomb sandwich panels. 
 
 
Figure 2.5: Collapse Mode 1 [1]. 
 
Figure 2.6: Collapse Mode 2 [1]. 




Theoretical approaches have been progressed to predict the static and impact response of 
aluminium honeycomb sandwiches. The static bending tests on three points, performed at 
various support spans, made it possible to determine the mechanical properties of the 
sandwich and to identify two main mechanisms of collapse (Mode I and Mode II). From the 
experimental outcomes obtained from bending tests it is found that the energy absorption 
capability of sandwich is strongly influenced by the size of the honeycomb cells. The impact 
response of aluminium honeycomb sandwiches has been investigated by experimental tests 
and analytical approach by using the tomographic analyses based on the energy balance 
model. The tomographic investigation shows that the collapse of the honeycomb panels due to 
the phenomenon of buckling occurs for progressive crumpling of cell walls. The mixture of 
experimental and theoretical study has particular importance for applications that require 
lightweight structures with a high capacity of energy dissipation, such as the transport 
industry, in where problems of collision and crash have increased in the last years.  
 
Jilin Yu and Erheng Wang et al. [36] studied the Static and low-velocity impact behavior of 
sandwich beams with closed-cell aluminium-foam core in three-point bending. In that 
research, the responses and failure of sandwich beams with aluminium foam core are 
investigated. Quasi-static and low-velocity impact bending tests are performed for sandwich 
beams with aluminium-foam core. The deficiency and failure behavior is found. Aluminium 
alloy skin/aluminium-foam core sandwich beams with different face sheet and core 
thicknesses are considered under quasi-static and low-velocity impact loading. Three main 
failure modes are observed as assumed in the analytical models. One exception is beams with 
thin face sheets and a thick core, which initially failed in indentation mode and collapsed in 
face yield mode at the end. The theoretical prediction of the failure mode is in good agreement 
with the experimental results under quasi-static loading. By high-speed camera record, it is 
found that the low-velocity impact bending deformation processes and modes are similar to 
those under quasi-static loading when the impact velocity is lower than 5m/s. The maximum 
load for the face yield mode and core shear mode in quasi-static tests can be well described by 
modified Gibson’s model but overrate the ability of beams failed in an indentation mode. This 
is because the indentation mode does not consider the degradation of the ultimate resistance to 
bending of the beam due to cross-section area reduction. Figures 2.7, 2.8 and 2.9 shows the 
force-time curves and photographs of the impact process of foam core sandwich beams in face 
yield mode, core shear mode and indentation mode. 
 





Figure 2.7: The force–time curve and photographs of the impact process of a beam failed in face 
yield mode [36]. 
 
 
Figure 2.8: The force–time curve and photographs of the impact process of a beam failed in core 
shear mode [36]. 
 
Figure 2.9: The force–time curve and photographs of the impact process of a beam failed in 
indentation mode [36]. 





Figure 2.10: Comparison of force–displacement curves of foam core sandwich beams under quasi-
static and impact loading. (a) Face yield mode, (b) Core shear mode, (c) Indentation mode [36]. 
Sandwich beams with aluminium honeycomb cores were produced and tested under quasi-
static three-point bending. For comparison, sandwich beams with billet core were also tested. 
Analytical predictions of the bending stiffness, initial failure load and peak load were obtained 
and compared with those experimentally measured. 
Failure maps were constructed to reveal the failure mechanisms underlying the enhanced 
bending performance of the honeycomb sandwich structures. Finally, the performance of the 
honeycomb sandwich was compared with several cores by different sizes of honeycomb. 
 
 














3.   Methodology 
3.1.  Numerical Modelling 
 Introduction 3.1.1.
In this chapter we consider and introduce how to modelling in Finite Element Abaqus software 
and also assumptions considered in this research.  In order to evaluate the accuracy of the final 
results, geometry of primary model and information on the aluminium honeycomb panel 
sandwich and three-points bending process according to the process presented in V.Crupi 
essay and coworkers (2012) [1] is derived which is considered as reference article. Also in 
order to improve the accuracy of modelling, the properties of aluminium material of the 
AA052 series are derived from X.L.Cui and coworkers (2016) [38] and for the aluminium 
AA5754 series from Xunzhong Guo and coworkers (2017) [39] that they are dealt with in the 
relevant section.  In this chapter first a sandwich aluminium panel with a honeycomb core with 
a circumference of 6 mm diameter is modelled according to the reference data and their 
displacement-force diagrams are compared. Then the laboratory model with the same 
dimensions as reference article and material of aluminium series 3003 for the core and 5005 
for the upper and lower sheets in the laboratory under the 3-points bending process are located 
and the results are again compared with the finite element model. After being confident about 
the accuracy of the modelling done in the finite element software, then for finer examination 





software and by comparing the displacement-force diagrams, the amount of springback are 
compared with each other. The process of modelling different parts in Abaqus finite element 
software will be described.  
 
 Introduction to Finite Element Method 3.1.2.
In the exact solution method as its name implies it exactly deals with the parametric 
calculation of the differential equations governing the physical, heat, tension and electric fields 
and so on. Among these methods, the numerical solution to which the finite element method is 
a subset of it is one of the components of the most applicable methods used in solving 
engineering problems. Among the advantages of numerical solutions especially finite element 
beside others are as follow:  
● The major weakness of the laboratory method is its costly and time-consuming, while this is 
not the case of numerical solution method.  
● The precise method of analysing models with complex geometry is also not possible in most 
nonlinear problems especially in cases where the degree of nonlinearity of the equations is 
high and the only numerical methods in particular the finite element methods are workable in 
this field.  
● Problems with complex boundary conditions are incapable of resolving precisely and the 
only conventional numerical methods are used to solve them. 
The term of finite element was first used by Clough in 1960 to solve two-dimensional 
elasticity problems, although the first person that used this method to solve the twisting 
problems was Courant in 1943 [40]. Since then in the late 1960s and early 1970s various 
computer programs such as ANSYS NASTRAN and MARC which use finite elemental 
methods for analysis were formed. By the ever-increasing speed of computers, this method is 
much more appropriate and economical.  Nowadays thousands of engineers and scholars 
around the world use this powerful tool every day to analyse various problems. In finite 
element method, physical problems are often solved by using differential equations governing 
the system and minimizing potential energy. The method is that the entire geometric model is 
divided into smaller components called element; each element has its own nodes whose inputs 
(loading and boundary conditions) and outputs (results) are assigned to them. 
 Introduction to Finite Element Abaqus software 3.1.3.
Abaqus software is one of the most powerful finite components on the market. The name of 
this software is derived from Abacus's word in English means abacus and in Greek it means 
sanded board.  
Abaqus has the ability to solve problems from a simple linear analysis to the most complex 
non-linear modelling. This software has a very large set of elements that each type of 





modelling of various types of materials with different properties and behaviors such as metals, 
rubber, polymers, composites, reinforced concrete, spring foam as well as geotechnical 
materials such as soils and rocks make it possible for high capacity. Since Abaqus is a general 
and extensive modelling tool, its use is not limited to analysing solid mechanic problems (i.e. 
stress-strain). By using this software you can study various issues such as heat transfer, mass 
penetration, thermal analysis of electrical components, acoustic, leakage. In fact Abaqus is 
relatively simple despite that it provides the user with a very wide range of software utilization 
capabilities. For example, issues involving more than one component can be modelled by 
creating a geometric model of each component and then assigning the behavior of the material 
to each component and then assembling various components. In most modelling even with 
nonlinear models, the user should only determine engineering data such as problem geometry, 
material behavior, boundary conditions, and loading. Abaqus in a nonlinear analysis 
automatically selects the rate of evolution and convergence tolerance and also adjusts them to 
the correct answer during the analysis. 
3.1.3.1.   Abaqus sections 
Abaqus software includes four sections: 
1. Abaqus / CAE which includes an environment for designing and modelling (preprocessing) 
and graphically displaying the results of the analysis. 
2. Abaqus / CFD which is the fluid dynamics analysis software and added to this software 
package from version 6.0 onward.  
3. Abaqus / Standard which is a general analyst based on the finite element method and use an 
implicit integration approach.  
4. Abaqus / Explicit which is a particular analyst of finite components and uses an explicit 
approach to integration and is applicable for solving nonlinear systems including impact 
problems and transient loading mode. 
The software also supports Python's open source programming language for programming 
within the software. The possibility of scripting within the software doubles the modelling 
capabilities. One of the most important features of Abaqus software other than limited 
component software is the ability to modify and add to software features and libraries.  A 
feature which is called "Writing Browsing" is a powerful tool for professional users. 
Subroutine is actually a code set written by the user using the fortran programming language 
for a particular application. By using this feature you can do things like define new behavioral 
models, perform certain loads and so on.  
3.1.3.2.   Abaqus Software Basics 
A full analysis of the Abaqus program usually consists of three steps [40]: 
1. Pre-processing step 





3. Post-processing step 
 
 
Pre-processing step of (ABAQUS/CAE) 
At this step you must create the problem model and make an Abaqus input file. The model can 
usually be graphically created by using ABAQUS/CAE or other pre-processors or you can 
create an Abaqus input file by using a text editor like Notepad. 
Standard or explicit processing step of (ABAQUS Standard / Explicit) 
Processing which is usually implemented a process in the background is the stage in which 
Abaqus standard or explicit solve numerical problem that is defined in model. Examples of the 
output of stress analysis are the change of locations and tensions stored in the binary files and 
used for the post-processing step. Depending on the complexity of the problem to be analysed 
and the computer power that performs the analysis, the analysis time can take between several 
seconds to several days. 
Post-processing step of (ABAQUS/CAE) 
The evaluation of the results can be done after the completion of the processing stage i.e. when 
tensions, displacements and other basic variables are calculated. Evaluation is usually done by 
using the visual modulus or other postprocessors. The visual module reads the binary output 
file data and has different options to display the results such as colored contour, animations, 
transformed forms or displaying data as graphs.  
3.1.3.3.   Modelling steps 
In this section we will describe in detail how to model this process in Abaqus software. This 
software has several modules that are part of the modelling at each step: 
1. Part: We use Part and Sketch modules to create model geometry. Indeed these modules are 
a simple CAD tool. Therefore it is possible to enter Abaqus software into more complex 
models from other design software in addition to drawing parts.  
2. Property: This module is for expressing the physical, mechanical and material properties 
that you use in simulating. Features such as density, modulus of elasticity, Poisson's 
coefficient and many other things.  
3. Assembly: Whenever our model is composed of different parts we can assemble them by 
using this module. Other tools in the Assembly module are used when it is necessary to 
change the location or create multiple samples of the piece. 
4. Step: By using this module you can create the various simulation steps required for our 
analysis. Also the settings for the required outputs of each simulation step are performed in 





5. Interaction: By using this module you can apply the interaction between the surfaces, apply 
the constraints between the components and define the connection between the different 
components of the assembly. 
6. Load: This module is applicable for the definition of different loadings, boundary 
conditions, types of supports and predetermined items such as initial temperature. 
7. Mesh: This is a module in which the number, size and type of finite element are selected 
and networking of parts is done. 
8. Job: In this module how to solve the finite element model is determined by the definition of 
a job and its settings. Also in this setting you can specify the amount of hardware power 
available for Abaqus solvers.  
9. Visualization: In this module you will be able to view the results of the analysis in the form 
of image or create a numerical report of the results.  
 Modelling process in reference paper 3.1.4.
In this study we used V.Crupi and coworkers (2012) [1] as the primary reference article for the 
modelling of honeycomb sandwich panel. 
The aim of that paper was the analysis of static and low-velocity impact response of two 
typologies of aluminium honeycomb sandwich structures with different cell sizes. The first 
typology consists of hexagonal cells with diameter of 3 mm and thickness of 0.05mm, the 
second one has hexagonal cells with diameter of 6 mm and thickness of 0.06 mm. The 
honeycomb core is made of AA5052 aluminium alloy and the two skins are realized by 
AA5754 H32 aluminium alloy. The skin thickness is about 1 mm. A schematic illustration of 
the honeycomb sandwich panel is shown in Figure 3.1. 
 
Figure 3.1: Schematic description of the sandwich panel with hexagonal honeycomb core [1]. 
The static three-point bending tests were carried out on honeycomb panels (150*50*11 mm) at 
different support span distances (L=55, 70, 80, 125 mm), performed on aluminium honeycomb 
sandwiches with the same nominal dimensions, have shown that different collapse modes can 





curves obtained from bending tests carried out at different values of support span on the two 
typologies of aluminium honeycomb sandwiches with different cell size (cell diameter d= 3 
and d= 6 mm) have been drawn up and the partial deboning of one skin, that produces an 
abrupt load loss, is clearly observable in the load-deflection curve obtained from the bending 
test carried out at L= 55 mm on the panel with d= 3 mm. The diameter of the rigid rollers is 10 
mm and their length is equal to the width of the sides of the panel sandwich.  Figure 3.2 shows 
the collapse mode observed during the previous tests. 
 
Figure 3.2: Tomographic images of the damaged honeycomb core after the bending test [1]. 
Low-velocity impact tests were, also, performed on the two typologies of aluminium 
honeycomb sandwiches and a theoretical approach, based on the energy balance model, has 
been applied to investigate their impact behavior. 
 
 
  Modelling process in this research 3.1.5.
3.1.5.1.   Model geometry (PART) 
The first step in modelling of finite element is the drawing step in which the dimension and 
geometry of the problem are constructed. 
In this research the bending behavior of the aluminium panel sandwich with honeycomb core 
should be evaluated under the bending process of the three points and the springback angle 
value and other process variables should be considered. The geometric dimensions and 
process variables are adjusted according to the reference paper V.Crupi et al. (2012) [1] that is 





different honeycomb core consisting of  Hexagonal on central circles with a diameter of 3 and 
6 mm and a total thickness of 9 mm will be drawn Which has been investigated in four 
different axial distances of 55, 70, 80 and 125 mm for roller bending tests. A panel sandwich 
with a circumference of 6 mm and an 80 mm spacing of rollers are used for modelling of the 
structure. Due to the complexity of the honeycomb section, shell elements are used to draw the 
core. The upper and lower layers are modelled in thickness of 1 mm and are 3D in solid form. 
The overall dimensions of the panel sandwich are 150*50*11 mm in accordance with the 
reference paper. Due to the irregularity of the hexagonal shape, it is not possible to draw the 
exact values of 150 and 50 mm for the length and width of the central core. According to the 
studies this length reduction will have a very minor effect on the final answer which can be 
ignored. To draw rollers for a 3-point bending test, discrete rigid are used to reduce the 
process variables. Also the Tools tab and the Reference Point option should be assigned to 
each rigid part of a reference point. The diameter of the rigid rollers is 10 mm and their length 
is equal to the width of the sides of the panel sandwich with a size of 50 mm. Due to the 
specific geometry shape of the honeycomb core, the pattern should be used to repeat the 
hexagonal honeycomb pattern. Abaqus software does not have enough capability to apply 
geometric guards to commands made with the pattern command. So we draw the middle core 
with Solidworks software and import the final geometry to Abaqus software. After drawing 
the honeycomb core from FILE-SAVE AS–DXF, you can save the sketch in the acceptable 
format of the Abaqus software and after opening the Abaqus software from FILE-IMPORT-
SKETCH, you can save that in module of the Abaqus software sketch. The image of the 
honeycomb core with a central circle of 6 mm in diameter is shown in Fig. 3.3. Then in the 
part module and by using the Add sketch command, we call the entered drawing and then 
extrude it to 9 mm to form the middle core. The final image of the core of the honeycomb 6 
mm is shown in Figure 3.3 and 3.4. 
It should be noted that finite element software have no unit (computational units) and in terms 
of input units, the corresponding output is extracted in that same unit Table 3.1. SI mm is used 
in this study. 
 
 








Figure 3.4: The image of 6 mm honeycomb core illustrated in Abaqus software. 
 
Table 3.1: Units used in Abaqus software [40]. 
3.1.5.2.   Mechanical Properties of Materials (Property) 
In this module material specification such as material properties, cross-sectional type and 
material orientation are defined and assigned to the parts. Due to the determination of bending 
rollers as rigid, these parts do not need to have defined the material model and the assignment 
of the material model will only take place for deformable parts. According to the reference 
paper data, the honeycomb core is made of AA5052 aluminium and the upper and lower plates 
is made of the AA5754 aluminium. According to the previous studies and comparison of the 
information of several international papers, finally the mechanical properties and curve of the 
plastic properties related to aluminium 5052 is derived from the reference paper X.L.Cui et al. 
(2016) [38] and the aluminium series 5754 from the reference paper Xunzhong Guo et al. 
(2017) [39] To obtain information about the plastic properties of each substance, the stresses 
and strain curves shown in these papers are mapped to the same coordinates using the spot 
point method and using the WebPlotDigitizer software [41] to match the properties in MPa. 






Figure 3.5: How to extract points from a stress-strain curved image by using WebPlotDigitizer 
software. 
To assign the material to the drawing parts, we create two different material models and put 
the material information into them. For Aluminium 5052, the Young’s modulus value was 
70300 MPa and the Poisson coefficient was 0.33. The yield stress of material is equal to 86.66 
MPa which the amount of zero plastic strain should be entered. Also for the aluminium alloy 
material of the 5754 Series related to the side plates, the values of the Young's modulus and 
the Poisson coefficient were 68000 MPa and 0.33 respectively and the yield stress was 128.53 
MPa. The engineering stress-strain curve for the aluminium Series 5052 and 5754 is given in 
Figures 3.6 and 3.7 respectively. 
   






Figure 3.7: Aluminium 5754 stress-strain graph. 
In order to allocate material to the honeycomb core, the amount of shell thickness should also 
be defined in the Create section. According to the reference paper, the amount of shell 
thickness for a core of 3 mm is equal to 0.05 mm and for a core of 6 mm is equal to 0.06. For 
better and more accurate comparison between other honeycomb cores which will be modelled 
further in the study and studying of the geometric spacing effect on the final sandwich panel 
strength, the thickness for all modes of 3, 4 and 6 mm is considered the same which equal to 
0.06 and only we change the geometry. How to determine the thickness of the honeycomb 
shell is shown in Figure 3-8. 
 





3.1.5.3.   Assembly of connecting components (Assembly) 
In the Assembly section of the Abaqus software, all components that are individually 
modelled in Part are assembled together to form the original model. A remarkable point is that 
at this step the parts are only located in the correct coordinate position and the connection or 
interconnection of the surfaces is done in another module. In the assembly section of software 
we use the Dependent (mesh on part) mode so that we can mash each piece separately in the 
mesh module. The modifications of the angles and directions of the components and the 
application of the geometric constraints between the parts for correcting assembly are 
applicable by using the application Instance header commands of software.  
From the four different spacing given in the reference paper, we select the distance between 
the two rollers 80 mm and to facilitate assembly operations, we partitioning the 1 mm plates 
placed on the sides of the honeycomb core from the middle part and also from the two spaced 
intervals with center spacing 80 mm. The final assembly image for aluminium composite 6 
mm is shown in Figures 3.9.  
 
Figure 3.9: Assembly image of the aluminium panel sandwich with a peripheral circle of honeycomb 
with a diameter of 6 mm. 
 
3.1.5.4.   Loading and Analysing step (Step) 
In general, physical problems and loads are classified into static, quasi-static and dynamic. 
Static problems are always used in two equations '' Power and torque output = 0'' while the 
problems in which the mass plays a fundamental role and the product of ''mass  acceleration'' 
is a number of non-zero, they will be in the realm of dynamic problems. In engineering, there 
are a set of problems and process that along with them, the parameters change at a low rate 
over time. Although there is a significant difference between the initial and the end values of 





of time. Such problems are so called ''quasi static''. The obvious feature of such problems is 
that due to the low absolute values of velocities and accelerations, the contribution of inertial 
forces and kinetic energy in such matters is negligible. So in simulating these problems by 
using Abaqus software,  Static  general  which is the Abaqus / Standard solver  is usually used  
because when using this step,  it has the velocity and acceleration values of the virtual state 
and do not cause inertial force. Therefore according to the present research conditions and the 
presented explanations, we use the static general step. At this step, the time variable is in fact a 
periodic period of solution which does not mean the real-time of problem solving. In order to 
take into account the geometric nonlinear characteristics of the NLgeom connection 
components or nonlinear geometry, it should be enabled in this section otherwise geometry of 
linear materials and static analysis will be assumed. The studied model in the reference article 
is lacks of studying the springback but in this research due to a more complete review this 
process has been added to the model and examined. In the present research it is necessary to 
define a two-step solution. The first step involves loading of three-point bending and loading 
the upper roller and the second step involves loading and simulating of the springback process. 
Springback occurs when the material angularly tries to return to its original shape after being 
bent. When fabricating on the press brake, an operator will over bend to the bending angle, 
which is angularly past the required bent angle, compensating for the springback. Over 
bending to the bending angle allows the desired bent angle to be attained when the part is 
released from pressure. After defining the solving steps, the window image of ''Step manager'' 
is similar to Figure 3.10. 
 
Figure 3.10: The window image of ''Step manager'' after defining the solving steps. 
Required outputs are determined in this module after simulation. In the section of results view, 
you will need to check the stress values, the plastic strain,  equivalent plastic strain and the 
values related to displacement  that all of which are in the default mode (they will change 
later, I've written temporarily to see what we want). To draw the load-deflection graph, 
identifies the reference point for the top roller as a set of points from the path of tools-set-
create-node and from the Create History Output section by selecting this set in the domain 
section, the displacement values and the reaction force in the direction of moving the piece 
downwards which we ask for the z axis (U3 and RF3). In this case, after solving and plotting 
the force-time and displacement-time graphs, it is possible to plot the force-displacement 





3.1.5.5.   Contact and connection features (Interaction) 
One of the most important parts of the modelling of assembly collections in finite element 
programs is the definition of the contact properties between connection components. As 
mentioned in the assembly module, the parts are aligned together and the contact levels are 
defined in the Interaction module. In a general specification and other than the definition of 
specific connectors, there are two types of connection and contact between the drawing 
elements in finite element samples. The first type is the complete connection of surfaces to 
each other such as the use of bolts and nuts or rivets and weld and sticky connection that can 
be possible by using the Tie constraint. In this modelling, we need to use this type of 
constraint to connect between the different layers of the sandwich panel (upper and lower 
plates with a honeycomb core). The second type is the definition of interaction between the 
two levels by defining the specific interaction properties for the contact surfaces which are 
used to define the contact between the rollers and the upper and lower surface of the panel 
sandwich.  
To apply the Tie constraint between the central core of the panel sandwich and the lower 
surface of the upper sheet, after selecting the Create Constraint icon and selecting the tie 
option, in section of choose the master type select "surface" option and choose the lower 
surface of the upper sheet as master level. Then for selecting the top points of honeycomb 
core, because they are shell-modelled and lacking surface, in the section of "choose the slave 
type" select the "Node Region" option and select all the upper sides by dragging. The same 
applies to the upper surface of the bottom plate and the lower sides of the honeycomb core. 
The final image after the selection of the Tie constraint and the settings of the Edit constraint 
window is shown in Figure 3.11. 
 
 





For applying a contrast between surfaces you can use either General Contact mode or the 
definition of the contrast between two specific levels by selecting the Surface-to-Surface-
Contact. Because of the limited contrasts, the mode of selecting the surfaces involved is 
simpler and more accurate. For this purpose we select the rigid surfaces of the rollers as the 
master surface and the outer surfaces of the upper and lower plates as the surface of the Slave. 
We also construct the opposing properties as frictional and as tangential and normal behavior. 
The settings for the Edit Interaction window are shown in Figure 3.12. 
 
Figure 3.12: The settings for surface-to-surface-contact in Interaction module.  
 
3.1.5.6.   Loading and loading conditions (Load) 
At this step, the loading and boundary conditions are applied to the finite element model and 
the degrees of freedom of each piece are defined and linear and periodic motion restrictions 
will be applied.  For this purpose we use the Create Boundary Condition icon and apply the 
loading conditions for each part. At first on the Initial step by selecting the reference point of 
two lower rollers, we fix them in all directions. Then select the reference point of upper piece 
and attach it to the initial step in all directions. Then edit the moving of the reference point of 
top roller in the first step which is a 3-point bending action and we set the displacement value 
of 10 mm in the direction of the z-axis and downward for it. Finally for the second step which 
is related to the springback step and is special to this research, we change the displacement 
value again to 0 so that the top rollers return to the original location and we could see the 
springback of the aluminium composite. To apply other loading conditions and reduce the 
instability of the static model, we set horizontal middle lines of the upper and lower sheets that 





in the horizontal direction (axis). The final image of the boundary condition manager window 
after applying the loading conditions is shown in Figure 3.13. 
 
Figure 3.13: Management window of loading condition after applying all the constraints. 
 
3.1.5.7.   Meshing samples 
One of the most important parts of the finite element modelling is the determination of the 
model meshing. In this section depending on the geometry of the model and the family of 
elements, the most appropriate mesh size and size of the element are selected.  In finite 
element modelling, the size of the elements has an important effect on the convergence of the 
solutions and the achievement of the correct answer. If an analysis with the size of the false 
mesh is solved, the solutions to the problem may be inaccurate and even incorrect. On the 
other hand it should be noted in mind that excessive fragmentize of the mesh is not the reason 
of accuracy of the analysis and by minimizing the element spacing, the solving time will be 
greatly increased. The mesh size in each model has a direct relationship with the type of 
solution and the particular conditions of the model and to achieve the correct size there isn't 
any choices but construct multiple models with different mesh sizes and to evaluate the 
solutions to their convergence. In order to analyse the convergence of finite element model 
components, the finite element model of aluminium mesh sandwich panels with different 
mesh sizes for honeycomb core and in nonlinear geometry offset mode (NLGeom) was 
analysed and the stress values in each mode was calculated. The results of this analysis are 
shown in Figure 3.14. Due to the slight difference between the changes made in the model 
with a mesh size of 0.8 mm with smaller mesh sizes and due to the multiplication of the 
solving time with the smaller element, the honeycomb core with a mesh size of 0.8 mm was 
chosen for meshing. 
The horizontal axis represents the size element and the vertical axis represents the S (Mises) in 






Figure 3.14: Mesh size convergence chart. 
 
Therefore the spacing of their elements was determined according to the size of the 
honeycomb core elements. As a general rule that is mentioned in the Help section Software, 
the problem will be acceptable if there are at least two smaller elements in each section. The 
honeycomb core in the sample with a 3 mm gap with 30008 elements and an assembly model 
with 36440 elements was mesh. The illustration of the final model of 6 mm mesh assembly is 
shown in Figure 3.15. The element used for the honeycomb core is the type of plate element 
with the reduction of the S4R integral order with 4 nodes and the geometric order linear. For 
the top and bottom sheets that are solid modelled, the reduced hexahedral C3D8R with 8 
nodes and linear ordering is used.  
 
























3.1.5.8.   Model Analysis (Job) 
All of the modules reviewed in this section are located on the Model Header from the tree 
graph on the left of the main software page. From this step we will enter to the Analysis 
section. For beginning the initialization process you need to define a Job with the desired 
naming for the created model. Due to the very large number of elements in the assembly 
model (47160 elements), the process of solving is very heavy and its time in my computer will 
be long. For this purpose we enable the parallel processing mode from Parallelization header 
and depending on the system power, select the number 4 for the number of parallel processors 
to complete the resolving process with the maximum power by the system. In this case and by 
the use of 8 gigabytes of RAM the solving time will be about 240 minutes (4 hours). 
 
3.1.5.9.   View results (visualization) 
After completing the solving step and displaying the “Completed” statement in the Status tab 
of the Job Manager window, you can enter the module of view results by pushing the Result 
button. Here you can see the requested outputs that are set in the Step module and draw the 
required graphs. Figure 3.16 shows the finite element model of the bending process of the 6 
mm aluminium sandwich panel at the last bending step (10 mm displacement) and Figure 3.17 
shows after the springback and in the viewing state of the Mises stress diagram.  
 
  
Figure 3.16: The results of the finite element model of the three-point bending process in the viewing 






Figure 3.17: The results of the finite element model of Aluminium Composite springback Process in 
the viewing state of the Mises stress contour. 
 
 
To draw the displacement-force curve it is necessary to draw two curves of time-force and 
displacement-time, so that finally by removing the time variable and combining 2 charts, the 
curve of the displacement-force will be drawn. For this purpose we save the charts that we 
have chosen in the step module by reference point of the roller from the result - History output 
path by Save as option. Then from the Tools - XY Data - Create - Operate on XY data path 
enter the math environment on the charts and select the displacement chart at first and then the 
force-time graph and combine them by using  Combine (X.X) command. Figure 3.18 shows 
the Operate on XY data window and Figure 3.19 shows the force-displacement curve of the of 







Figure 3.18: Operate on XY data window for combining time-force and time-displacement charts. 
  






 Evaluation of the accuracy of the results from computer 3.1.6.
model 
As previously explained the purpose of the proposed modelling is to compare the results of a 
computer model with the specifications given in the reference article. The chart of the force-
displacement curve of the aluminium sandwich panel with a peripheral circle of 6 mm for the 
core is shown in Fig. 3.20. As you see the maximum force is approximately 2200 Newton 
which is achieved after 0.5 mm of displacement of the roller. While the maximum force in the 
sample tested in this study is 1315 Newton which has reached to its final peak value after 5 
mm displacement of the rollers. The reason for this difference is the difference in material 
properties entered for the aluminium series AA5052 and AA5754 that has not been mentioned 
the yield strength or even the YM material modulus in reference article. Therefore given the 
comparison of material graphs from several authoritative articles [38, 39] we attribute the 
reason for the difference and the incorrectness to the undefined properties of the material in 
the reference article. 
 
Figure 3.20: The force-displacement curve related to the reference article [1]. 
 
For verifying the finite element model and reviewing the modelling process this time we will 
use a laboratory model. For this purpose we put an aluminium sandwich panel with 
honeycomb core according to the Alucore [42] sample in the laboratory under a 3-point 
bending test and compared the results with a finite element model. In the meantime there was 








1. Part module 
The geometric dimensions of the prepared sample are quite similar to the finite element model 
examined in the paper. 
The diameter of the peripheral circle of the honeycomb cell is 6 mm and the total thickness of 
the sandwich panel is 11 mm while the core is 9 mm. We cut AluCore sandwich panel to a 
dimension of 150*50*11 mm for 3-point bending test. The only change in this part relates to 
the diameter of the bending rollers of the 3-point bending machine in the laboratory which are 
edited in a finite element model and we increase the diameter of each 3 rollers from 10 mm to 
30 mm. 
2. Property module 
The properties of the upper plates and the core of the sample are different from the original 
article and need to be changed. According to the information provided by the AluCore 
manufacturer, the honeycomb core is made of AA3003 aluminium and the upper and lower 
plates is made of the AA5005 aluminium. Unfortunately the mechanical properties of the 
sandwich panels were not sent with it and inevitably the necessary information was extracted 
from the research papers. For this purpose according to the process carried out in the previous 
steps, the properties of the aluminium series 3003 from the paper Y.U. Haiping, L.I. Chunfeng 
(2009) [43] and the properties of the aluminium series 5005 are extracted from the paper Olaf 
Engler, Johannes Aegerter (2014) [44] by using WebPlotDigitizer software.  
Stress-strain curve of core material and plates are shown in Figure 3.21. 
 
Figure 3.21: Stress-Strain chart related to the material of the laboratory model. A- Aluminium 3003 






Other parts of the finite element model are unchanged in accordance with the process 
described at the beginning of the chapter. For doing 3-point bending test in the forming 
laboratory we used the AMSLER machine and corresponding bending rolls for free bending. 
A 10 mm displacement was applied to the upper roller. To reduce the error separate samples 
were selected to increase the accuracy of the output values with repeatability. Using force 
sensors and incremental length transducer installed on the machine, the amount of force and 
displacement were measured and the force-displacement curve was plotted for each of the 
three experimental models. Figure 3.22 shows the laboratory samples at the last step of 3-point 
bending and Figure 3.23 shows the force-displacement curve gained by the test for each of the 
three models. 
 
Figure 3.22: Laboratory sample (AluCore) at the last step of 3-point bending process. 
 



























With the testing done on 3 separate samples we observe that the values are very close together 
and the process is carried out with high accuracy. By averaging the maximum force in 3 
different samples we consider 1166 N for the maximum amount of force tolerated by the 
sandwich panel under a 3-point bending process with 80 mm axis spacing and 50 mm 
specimen width. 
According to the above, the finite element model is also adapted to the experimental sample 
and the force-displacement diagram is plotted. Figure 3.24 shows the image of the finite 
element model according to the laboratory sample at the last step of the 3-point bending 
process in the mode of S, Mises contour display and figure 3.25 shows the force-displacement 
curve obtained from the software. 
 
 
Figure 3.24: Image of the finite element model according to the laboratory sample (AluCore) at the last 






Figure 3.25: Force-displacement curve of finite element model in accordance with laboratory model 
(AluCore) and 10 mm displacement. 
 
It is observed that the maximum force in the finite element model is 858 N which differs 
26.4% in comparison to the maximum force of laboratory sample (1166 N). 
The reason for this difference can be examined in three parts; one is the proper properties of 
the materials used in the test which must be obtained by mechanical and accurate tests and 
used in the finite element model but not be achieved. The second is the unmodified geometry 
of the laboratory sample. According to the Figure 3.26, the laboratory sample at the end edges 
has additional parts which lead to an increase in its ultimate stress while the finite element 
model does not have these additional strengthening parts. Therefore the reason for the 
discrepancy can be explained in this way and the numbers obtained in the finite element model 
and in fact validation can be accepted. The third reason for the discrepancy and 
incompatibility between the laboratory sample results and a finite element model can be seen 
from the perspective of the geometric asymmetric shape of Honeycomb cells in the laboratory 
model. As shown in Figure 3.27 the tested sample cells have an asymmetric geometric 
arrangement and are distorted and deformed. The hexagonal constituent of each cell is not 
enclosed on the central circle and the Honeycomb cell walls are not regular and with the same 
distance. This geometric asymmetry can be considered as one of the reasons for increasing the 
resistance of the laboratory sample sandwich panel. According to the mentioned explanation, 
the reason for the difference between the experimental results and the finite element model can 






Figure 3.26: Additional edges image of laboratory model (AluCore) and difference with finite element 
model. 
 









 Specifications of this research 3.1.7.
In this study the size effect of the honeycomb cells and in fact their number in a given length 
will be examined. For this purpose three finite element models with different cell sizes were 
simulated in Abaqus finite element software and were affected by the 3-point bending process 
as well as loading for the investigation of the springback phenomenon. As already mentioned 
the analysis has quasi-static nature and due to the large amount of fragmented and distorted 
elements, the convergence is the key of solving problem and it's time is long. So to simplify 
the work and eliminating convergence problem and optimize the solution time, we reduce the 
width of the sandwich panel by half. In this manner by taking into account the numbers of 3, 4 
and 6 mm for the circumference diameter of the honeycomb core cells their number in the core 
with a width of 24 mm is equal to 8, 6 and 4. In this case the effects of the geometric 
dimensions of the cells and their numbers at a given length can be well considered to examine 
the flexural behavior of the sandwich panel.  
Samples are modelled according to the process presented in this chapter and the required 
parameters were extracted. In the next chapter we will compare the differences between them. 
Figures 3.21 and 3.22 and 3.23 illustrate the image of a central honeycomb core with 
diameters of 3, 4 and 6 mm. 
 
Figure 3.28: The central core of the honeycomb with a circumference circle diameter of 3 mm. 
 






Figure 3.30: The central core of the honeycomb with a circumference circle diameter of 6 mm. 
 
For further research and more complete comparison between the finite element model and the 
laboratory research, three laboratory models with a maximum displacement of 10 mm which 
were fully introduced in Section 3.1.6, in terms of the magnitude of the springback final angle 
will be compared with the finite element model. Also laboratory samples with a displacement 
of 5 mm in the same conditions were investigated in which the maximum force and their final 
angles will be compared with the same finite element model after a springback. Figure 3.30 
shows the image of the laboratory samples after 5 mm of displacement and Figure 3.31 shows 
the finite element model similar to the laboratory sample after 5 mm displacement and at the 











Figure 3.32: Image of a finite element model in accordance with a laboratory sample (AluCore) with a 
displacement of 5 mm at the end of springback step. 
 
 






4.   Results and Discussion 
4.1.  Introduction 
After analysing the models made in the software, the outputs of the analysis should be 
obtained. Abaqus software has many features in the type and number of requested outputs. 
Also one of the important features of this software is the ability to get output in time intervals 
and different coordinates of the model. For example you can see the stresses and 
displacements values and supporting forces in different parts of the model on a path or at a 
particular point during analysis. Also in order to reduce the analysis time it is possible to 
introduce the outputs to the software in step stage. Thus only the requested information is 
stored during the analysis and it is resulting in less time and volume of system memory. In the 
present study as indicated above, only the force and displacement diagrams along the Z axis 
were set in the Step module. After performing the simulation for the different types of 
modelling mentioned at the end of the third chapter, the parameters such as the force-
displacement diagram and in fact the maximum force, the amount of displacement or the 
maximum crash and the amount of Springback are compared with each other. By specifying 
the optimum state for each variable, the best dimensions for honeycomb cell size can be 
determined by bending force. Also a comparison between laboratory samples with 5 and 10 
mm displacement and a similar finite element model will be made for maximum force values 
and the final angle of the model after a springback. 
Due to the large number of samples images which according to the models examined there are 
3 separate images for each parameter, the images of each section are attached to the thesis 
appendix and only the numerical values are compared to each other in this chapter. 




4.2.  Study of the parameters affecting the process in finite 
element samples with different cell sizes 
In this section various parameters such as maximum force, final angle values of springback 
and the maximum amount of crushing in three different finite element samples that have 
different cell sizes are compared and by comparing the values obtained, the most optimal cell 
size for each parameter is determined. 
 
 Study the effect of cells size on maximum force value 4.2.1.
After the completing the analysis, the results will be reviewed and compared. In this part of 
the modelling the effect of the change in the diameter of the honeycomb mid-circle circle on 
the maximum amount of force tolerated by the aluminium panel sandwich is examined. For 
this purpose the force-displacement diagram as described in Chapter 3 is plotted for each of 
the three different sizes of honeycomb core cells and compared with each other. Figures for 
the force-displacement diagram cells of 3, 4 and 6 mm are shown in annex 7.1 to 7.3. For a 
better comparison of the diagrams, the simultaneous image of every 3 charts of force-
displacement is shown in Figure 4.1. The horizontal axis of the displacement in millimetres 
and the vertical axis represent the reaction force in Newton. Also the comparison of the 
maximum supporting force values is presented in Figure 4.2. 
 
 
Figure 4.1: The force-displacement charts for all 3 honeycomb cell size modes. 





Figure 4.2: Comparison of maximum resistance response in sandwich panel with different cells Size. 
It can be seen that by decreasing the radius of the peripheral circle of each cell from 6 to 3 mm 
and increasing the number of cells at a given length, the maximum tolerable force increases by 
the sandwich panel. This amount of force increase is proportional to the size of the sandwich 
panel and by decreasing the peripheral diameter to the half and doubling the number of cells; 
the maximum force value is also doubled than the initial value. 
 
 Study the effect of cells size on the amount of springback 4.2.2.
angle  
In this part of modelling the effect of the size of honeycomb core cells on the amount of 
springback angle is investigated. Due to the complete crashing of the cells and the destruction 
of the middle cells, the study of the amount of springback in this case is not logical but may be 
considered as the basis for the next studies. Figures 7.4 to 7.9 show the honeycomb sandwich 
panel at the last bending step as well as after loading and applying springback for all three cell 
sizes and in the stress contour view. To measure the amount of springback angle the lateral 
software is needed to enter the coordinates of the points and measure the amount of angle with 
the horizon. For this purpose consider the two elements from the edge of upper page with the 
elements of 1206 and 1216 and by using the Query Information command and selecting the 
NODE option, by selecting the right-hand point of element 1216 and the left-hand point of 
element 1206, derive their coordinates in two different states i.e. the last step of the 3-point 
bending process and also the last step of the springback process. Figures 4.3 and 4.4 show the 
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Figure 4.3: Selected points on the edge of upper page at the final step of 3-point bending. 
 
Figure 4.4: Selected points on the edge of upper page after loading and springback. 
After extracting the point coordinates, enter the gained numbers into the SolidWorks design 
software and by connecting the points defined in elements 1206 and 1216 we obtain the angle 
value with the horizon before and after the springback process. Figure 4-5 shows how to enter 
coordinates and obtain angles in SolidWorks software for a 6 mm cell. The values of the 
primary and secondary angles and the differences between them are collected for easier 
examination in Table 4-1. 










Angle at the 




diameter of the cell 
 
1.04° 8.98° 10.02° 3mm 
1.16° 8.97° 10.13° 4mm 
1.23° 9.17° 10.40° 6mm 
Table 4.1: Comparison between the angles of cells with different sizes at the last bending stage and 
after a springback. 
It can be seen that by decreasing the radius of the peripheral circle of each cell from 6 to 3 mm 
and increasing the number of cells at a given length, the amount of the springback angle will 
be reduced significantly. It is also observed that when the diameter of the primary cell is 
larger, the angle of the upper sheet with the horizon at the last stage of the 3-point bending 
process is higher and decreases with decreasing cell size. 
 
4.3.  Comparison of the effective parameters between 
laboratory samples (AluCore) and similar finite 
element model 
According to the 3-point bending test in the laboratory and the examination of 3 samples for 
two different modes of displacement of the upper roller of 5 and 10 mm as well as the 
modelling of the similar sample finite element, the final parameters of the final angle of the 
model after the springback as well as the maximum values in this section are compared 
Regarding the validation check in Section 3.1.6. 




The comparison here is merely to addresses the survey and the apparent comparison between 
the finite element model and the actual sample which can be used as the basis for the next 
researches.  
 
 Comparison of laboratory model (AluCore) with 10 mm 4.3.1.
displacement with similar finite element sample 
In the validation of the software model and the laboratory model (AluCore) the main 
parameter i.e. the maximum force value in Section 3 was considered and compared. In this 
section the final angle amount of the two samples is examined after a springback. In order to 
measure the angle in this case, prepare a laboratory model (AluCore) after springback and 
finishing the process in a perpendicular image and use the Draftsight software to measure the 
final angle. In the same way as to equalize the measurement method and reduce the 
comparative error for a finite element model we store the final image after the springback 
process and measure the angle amount from the same parts on it. Figure 4.6 illustrates the 
laboratory model (AluCore) in the Draftsight software screen and Figure 4.7 shows the final 
image of the finite element model in the Draftsight software. Also the final angle amount of 
the laboratory and software models and their difference percentage are given in Table 4.2.  
 
Figure 4.6: Image of the ultimate laboratory model with a 10 mm displacement in the Draftsight 
software environment. 









Final angle of finite 
element model 
Final angle of 
laboratory model 
 
0.57% 168.21° 169.17° Specimen 1 
0.75% 168.21° 169.49° Specimen 2 
0.91% 168.21° 169.76° Specimen 3 
Table 4.2: Final angle values of the laboratory model and finite element with 10 mm displacement. 
It can be seen that due to the insignificant difference between the angles, the finite element 
model is well-accurate and correctly modelled with the same result. 
 Comparison of the laboratory model (AluCore) with 5 mm 4.3.2.
displacement with the corresponding finite element sample 
Similar to the previous section, this time the sample was tested at 5 mm displacement of high 
roller. After averaging between the maximum force values in 3 laboratory samples (Alucore) 
with 5 mm displacement, the final value was determined 1092 N for the maximum force. The 
maximum force value in the finite element model with 5 mm displacement was equal to 787 N 
which has a difference of 27.9% with the laboratory sample. The maximum force value in the 
sample with 10 mm displacement as discussed in Section 3.6 for verification was also 26.4% 
and the reasons were described and investigated. Figure 4.8 shows the force-displacement 
curve gained in the test for each of the three models (AluCore) and Figure 4.9 shows the force-
displacement curve obtained from the software simulation. 
 





Figure 4.8: Force-displacement curve of experimental model (AluCore) 5 mm displacement. 
 
 
Figure 4.9: Force-displacement curve of finite element model in accordance with laboratory model 
(AluCore) and 5mm displacement. 
The purpose of this study was to examine the final angular amount of the model with less 
displacement of rollers after submission. The final image of the laboratory sample with 5 mm 
displacement in Figure 4.10 and the final image of the finite element model are shown in 
Figure 4.11.  

























Figure 4.10: Image of the ultimate laboratory model with a 5 mm displacement in the Draftsight 
software environment. 
 
Figure 4.11:  The final image of the Abaqus model similar to the laboratory sample with a 5 mm 
displacement. 
The final angle value of the laboratory samples and software samples with 5 mm displacement 
and the difference percentage between them are gathered in Table 4.3. 
Difference 
percentage 
Final angle of finite 
element model 
Final angle of 
laboratory model 
 
1.56% 174.17° 176.93° Specimen 1 
1.31% 174.17° 176.48° Specimen 2 
1.48% 174.17° 176.79° Specimen 3 
Table 4.3: Final angle values of laboratory model (AluCore) and finite element with 5 mm 
displacement. 
It is observed that despite of the relatively large difference between the maximum force values 
(27.9%) the difference percentage of the final angle is relatively small after the springback 
process and the angular values are close together. 











5.   Conclusion 
In chapter four the results of 3 different finite element models with different cell sizes were 
compared and their influential parameters were examined. The results of the maximum force 
amount were plotted after plot in force-displacement chart, the springback angle value and the 
final angle of the sandwich at the end of the loading step in the form of comparative diagrams 
and comparing the results to reach the final result. It was also observed that the experimental 
results obtained from the 3-point bending test and the similar finite element model are close to 
each other and have a good approximation that could be the basis for future research. It was 
also observed that the experimental results obtained from the 3-point bending test and the 
similar finite element model are close to each other and have a good approximation that could 
be the basis for future research. 
In this chapter after reviewing all the results of chapter four and summarizing the behavior of 
the aluminium sandwich panel behavior with different cell sizes for the honeycomb core will 
study the results and finally suggestions will be made to improve this research. 
 
1) By diminishing the size of the cells and actually increasing their number at a given length, 
the energy absorption capacity and in fact the ability to withstand the amount of final fore 
increases. This force increases is almost linear and will increase by double with decreasing 
cell size by half. 
2) By increasing the cell sizes, the amount of springback angle and also the final angle of the 





diameter of the peripheral circle, the crush amount of each cell decreases and this improves the 
reversibility of the sandwich panel. 
3) Due to the destruction of hexagonal cells, the sandwich panel with honeycomb core does 
not have the appropriate bending strength and if used in this case of loading, the ultimate goal 
must be investigated. Decreasing the size of the cells leads to increasing the energy absorption 
capacity and reduces springback ability. 
 
Recommendations for future research 
In addition to the examined items in this study, the following parameters can be considered: 
1) Investigating the thickness effect of honeycomb cells or upper and lower sheets on 
improving the bending strength of the sandwich panel. Also the thickness of the middle core 
can be considered as an independent parameter.  
2) Investigating the effect of lower roller spacing in 3-point bending test on bending behavior 
of honeycomb sandwich panel. 
3) Investigating the effect of cell size on improving the resistance to impact in aluminium 
sandwich panel with honeycomb core. 
4) Comparison of the final resistance and the springback amount of sandwich panels with 
honeycomb core with other geometric shapes for the sandwich panel core. For example, empty 
cores with checkered or rhombic arrangements can be examined using the Abaqus finite 
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7.   Annex A: 
 
Figure 7.1: Force-displacement chart of sandwich panel with a cell size of 3 mm. 





Figure 7.2: Force-displacement chart of sandwich panel with a cell size of 4 mm. 
 
 
Figure 7.3: Force-displacement chart of sandwich panel with a cell size of 6 mm. 





Figure 7.4: Honeycomb sandwich panel with a cell size of 3 mm in the last step of 3-point bending. 
 
Figure 7.5: Honeycomb sandwich panel with a cell size of 3 mm after the springback process. 
 
Figure 7.6: Honeycomb sandwich panel with a cell size of 4 mm in the last step of 3-point bending. 





Figure 7.7: Honeycomb sandwich panel with a cell size of 4 mm after the springback process. 
 
Figure 7.8: Honeycomb sandwich panel with a cell size of 6 mm in the last step of 3-point bending. 
 
Figure 7.9: Honeycomb sandwich panel with a cell size of 6 mm after the springback process. 
